In mammals, the subthalamic nucleus (STN) is a glutamatergic diencephalic cell group that develops in the caudal hypothalamus and migrates to a position above the cerebral peduncle. By its input from the external pallidal segment and projection to the internal pallidal segment, STN plays a critical role in basal ganglia functions. Although the basal ganglia in birds is well developed, possesses the same major neuron types as in mammals, and plays a role in movement control similar to that in mammals, it has been uncertain whether birds possess an STN. We report here evidence indicating that the so-called anterior nucleus of the ansa lenticularis (ALa) is the avian homolog of mammalian STN. First, the avian ALa too develops within the mammillary hypothalamic area and migrates to a position adjacent to the cerebral peduncle. Second, ALa specifically receives input from dorsal pallidal neurons that receive input from enkephalinergic striatal neurons, as is true of STN. Third, ALa projects back to avian dorsal pallidum, as also the case for STN in mammals. Fourth, the neurons of ALa contain glutamate, and the target neurons of ALa in dorsal pallidum possess AMPA-type glutamate receptor profiles resembling those of mammalian pallidal neurons. Fifth, unilateral lesions of ALa yield behavioral disturbances and movement asymmetries resembling those observed in mammals after STN lesions. These various findings indicate that ALa is the avian STN, and they suggest that the output circuitry of the basal ganglia for motor control is similar in birds and mammals.
glutamatergic neurons of STN and thereby increases excitatory input from STN to GPi and SNr. The end result of activation of striato-GPe neurons is therefore enhanced inhibition of VA/VL neurons by GPi and SNr, and of deep collicular neurons by SNr. It is presumed that the indirect pathway suppresses movements conflicting with the movements being promoted by the striato-GPi and striato-SNr circuits Albin et al., 1990a Albin et al., ,b, 1992 .
The connectivity and neurotransmitter organization of the avian basal ganglia and its role in movement control closely resemble those in mammals (Reiner et al., 1984; Reiner, 1995, 1998a; Medina et al., 1999) . As in mammals, the avian striatum contains two major populations of projection neurons: those that co-contain the neuropeptide substance P (SP) and GABA and those that co-contain enkephalin (ENK) and GABA (Graybiel, 1990; Reiner et al., 1998a) . In mammals, SP-containing (SP ϩ ) neurons are the origin of the direct striatal output pathways, whereas ENK ϩ neurons are the source of the indirect striatal output pathway (Albin et al., 1989b; DeLong, 1990) . The outputs and pharmacological behavior of SP ϩ striatal neurons in birds appear to resemble those in mammals, lending support to the view that direct striatal output pathways are present in birds Reiner et al., 1998a) . The evidence for the presence of an indirect pathway in birds is less clear-cut, in large part because a homolog of STN has not yet been definitively identified.
Nonetheless, previous studies have provided suggestive evidence for the identity of an avian STN. In birds, the pallidum has among its projection targets a nucleus in the subthalamus called the anterior nucleus of the ansa lenticularis (ALa) (Fig. 1) (Karten and Dubbeldam, 1973; . By its topographic location and its apparent projection back to pallidum and to SNr, ALa is reminiscent of mammalian STN (Brauth et al., 1978; Kitai and Kita, 1987; Albin et al., 1989b; DeLong, 1990; Hazrati and Parent, 1992; Puelles and Medina,1994; Smith et al., 1994; Shink et al., 1996) . We therefore undertook an embryological, hodological, neurochemical, and functional analysis of avian ALa to more rigorously assess its possible homology to mammalian STN. Our findings strongly support the view that ALa is homologous to STN.
MATERIALS AND METHODS
Animal use. Chicks were used in the developmental studies, adult White C arneaux pigeons (Columba livia) were used in the neuroanatomical and behavioral studies, and both adult White C arneaux pigeons and chicks were used in the neurochemical studies. All efforts were made to minimize animal suffering and to reduce the number of animals used, and all animal experiments were done according to institutional (Universities of Tennessee, Murcia, and Sao Paulo) regulations and according to the National Institute of Health Guide for the Care and Use of Laborator y Animals in Research. As an aid, Table 1 presents a list of the terms used for corresponding basal ganglia or basal ganglia-related structures in pigeonschickens and rats.
Developmental studies. Chick embryos from Hamburger and Hamilton (HH) stages HH26 -HH45 and hatchlings were used for developmental studies and were staged according to Hamburger and Hamilton (1951) . Embryos from stages HH26 to HH35 (i.e., ϳ5-9 d of incubation) were immersed overnight in 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB). The heads were then gradually dehydrated and embedded in Paraplast. Chick embryos older than 9 d of incubation (HH36 and older) and hatchlings were perf used transcardially with 4% paraformaldehyde in 0.1 M sodium phosphate buffer. Hatchlings were deeply anesthetized using ethyl ether before the transcardial perf usion procedure. After removal, the brains were post-fixed overnight and then gradually dehydrated and embedded in Paraplast. The embryonic heads and brains were sectioned on a microtome at 10 -20 m in the sagittal, horizontal, or transverse plane, and sections were mounted, stained with cresyl violet, and coverslipped. At least three series per plane were prepared for each stage and were available for examination in this study.
Neuroanatomical pathway tracing studies. Before surgery, pigeons were deeply anesthetized with ketamine (66 mg / kg) and xylazine (33 mg / kg). To investigate the pallidal input to ALa, the dorsal pallidum (also termed paleostriatum primitivum) was successf ully injected unilaterally in seven pigeons with 0.15 l of a 5% solution of biotinylated dextran amine of 10,000 molecular weight (MW) (BDA10k) dissolved in 0.1 M phosphate buffer, pH 7.4, which is transported preferentially in the anterograde direction (Veenman et al., 1992; , using a 1 l Hamilton syringe and procedures described previously. Stereotaxic coordinates for the injections were from the pigeon brain atlas of Karten and Hodos (1967) . To investigate the projection of ALa to dorsal pallidum, the dorsal pallidum was successf ully injected unilaterally with 0.10 l of a 10% solution of BDA 3000 MW (BDA3k) in 0.1 M sodium citrate-HC l, pH 3.0, which is transported preferentially in the retrograde direction (Kaneko et al., 1996; , in two pigeons. To investigate the overall efferent projections of ALa, it was successf ully injected unilaterally with BDA10k in two pigeons. Note that injections of the anterograde tracer BDA10k in the dorsal pallidum resulted in some retrograde labeling in ALa, whereas injections of the retrograde tracer BDA3k into the dorsal pallidum resulted in some anterograde labeling in ALa. Similarly, injections of the anterograde tracer BDA10k into ALa resulted in some retrograde labeling in the dorsal pallidum. This occurs because, although BDA10k favors anterograde transport and BDA3k favors retrograde transport, neither is a purely unidirectional tracer (Veenman et al., 1992; Fritzsch, 1993; Kaneko et al., 1996; .
After 7-10 d, the pigeons were deeply anesthetized with 0.5 ml of 35% chloral hydrate (intraperitoneally) and perf used transcardially with 30 -50 ml of 0.1 M sodium phosphate buffer, pH 7.4, containing 6% dextran, followed by 400 ml of PB containing 4% paraformaldehyde, 0.01 M lysine, and 0.1 M sodium periodate (PL P). The brains were then removed and immersed overnight in PB containing 20% sucrose, 10% glycerol, and 0.02% sodium azide. The brains were sectioned frozen on a sliding microtome at 40 m in the frontal plane, and sections were serially collected in PB containing 0.01% sodium azide as 12 separate evenly spaced series and stored until BDA visualization.
Single-labeling visualization of BDA. Several series of sections (7-10) from the pigeons receiving BDA injections that successf ully targeted the dorsal pallidum or ALa were incubated in avidin-biotin complex (ABC) (Vectastain ABC Elite kit; Vector Laboratories, Burlingame, CA), consisting of 5 ml of PB containing 100 l of avidin DH and 100 l of biotinylated horseradish peroxidase, for 30 min at room temperature (Veenman et al., 1992) . Sections were then rinsed in PB and immersed in 0.05% diaminobenzidine tetrahydrochloride (DAB) (Sigma, St. L ouis, MO) intensified with 0.04% nickel ammonium sulfate, pH7.2, for 10 min. Hydrogen peroxide was then added to the solution to a final concentration of 0.01%, and the sections were reacted in this solution for 10 min. The sections were then mounted on slides, dried, and coverslipped. Several series (four to five series) of the BDA-labeled sections were counterstained with cresyl violet before coverslipping.
Double labeling for BDA and enk ephalin or substance P. Four to five series of sections from the pigeons receiving injections of BDA10k that successf ully targeted ALa were processed by immunofluorescence double labeling to determine whether the retrogradely labeled dorsal pallidal neurons projecting to ALa receive terminals from EN K ϩ or SP ϩ striatal neurons. The BDA-labeled pallidal neurons and either the EN K ϩ or SP ϩ terminals from striatal neurons were simultaneously and differentially labeled using two different fluorophores. The double-labeling procedure has been described in detail previously . Tissue immunolabeling was performed by first incubating the tissue for 48 -72 hr at 4°C in a rabbit polyclonal antiserum against SP or EN K (DiaSorin, Stillwater, M N). After rinsing, the tissue was incubated in a cocktail containing a donkey anti-rabbit secondary antiserum conjugated to dichlorotriazinylamino-fluorescein (DTAF) to visualize SP or EN K localization (secondary antisera diluted 1:50; from Jackson ImmunoResearch, West Grove, PA) and a mouse monoclonal antibody against biotin conjugated to tetramethylrhodamine isothiocyanate (TRI TC) to detect the BDA (1:50 dilution; Jackson ImmunoResearch), for 2 hr at room temperature.
All tissue was then washed three times in PB, mounted on gelatin-coated slides, and coverslipped with 9:1 glycerin /0.05 M carbonate buffer or 9:1 glycerol / PBS containing 100 mg p-phenylenediamine ). Sections were examined using an Olympus Optical (Tokyo, Japan) epi-illumination fluorescence microscopy system, using filters that prevent cross-emission of one fluorophore while viewing labeling for the other . Sections were also examined using a Bio-Rad (Hercules, CA) MRC -1000 confocal laser scanning microscope (CL SM). For CL SM examination, an Euplan 20 or 40ϫ Olympus objective was used, and sections were scanned with a krypton -argon laser, with specific excitation wavelength settings selected for TRI TC (TRI TC setting, 568 nm) and DTAF (DTAF setting, 488 nm). Sequential collection settings for TRI TC emission and DTAF emission were used to capture images for examination and analysis .
Immunohistochemical single labeling for glutamate or glutamate receptors. Immunohistochemical single labeling was used to determine the distribution of glutamatergic neurons in ALa and characterize the AM PA-type Figure 1 . Schematic illustration of a transverse section through the right diencephalon and caudal telencephalon in a pigeon illustrating the location of the anterior nucleus of the ansa lenticularis (ALa) in relation to various other cell groups at that level. The ansa lenticularis (AL) is indicated by diagonal lines, and the ALa is highlighted by stippling. The number at the bottom right represents the anteroposterior level of the section in the stereotaxic coordinates of the Karten and Hodos atlas (1967) glutamate receptor (GluR) subunits found on pallidal neurons in pigeons and chicks. For these immunohistochemical studies, 12 pigeons were transcardially perf used with the PL P fixative and sectioned at 40 m, as described above for the studies using BDA to investigate the connections of ALa. In addition, four adult pigeons and four 2-to 3-week-old chicks were deeply anesthetized and transcardially perf used with 0.9% saline, followed by 4% paraformaldehyde in 0.1 M sodium PBS, pH 7.4. The brains of these birds were removed, post-fixed for 4 hr, cryoprotected in 30% sucrose -PB, sectioned frozen at 35 m using a sliding microtome, and collected as six series.
Sections were incubated in a rabbit anti-glutamate antiserum or in antisera against the GluR1, GluR2/3, or GluR4 AM PA subunits, diluted in PB containing 0.3% Triton X-100 and 0.01% sodium azide, for 24 -72 hr at 4°C under constant gentle agitation. The primary antisera used, their dilutions, and their sources were as follows: (1) a rabbit polyclonal antibody recognizing the GluR1 AM PA receptor subunit, 1:100 -1:500 dilution (Chemicon, Temecula, CA); (2) a rabbit polyclonal antibody recognizing an epitope common to the GluR2 and GluR3 AM PA receptor subunits, 1:100 -1:250 dilution (Chemicon); (3) a rabbit polyclonal antibody recognizing the GluR4 AM PA receptor subunit, 1:100 -1:500 dilution (Chemicon); and (4) a rabbit polyclonal antiserum against glutamate, 1:500 -1,000 dilution (generously provided by Aldo Rustioni, University of North C arolina, Chapel Hill, NC or purchased from Arnel Products Co., New York, N Y). The antisera against glutamate receptors were generated against synthetic fragments of mammalian glutamate receptor subunits, typically rat. The anti-glutamate receptor antisera and the anti-glutamate antisera have been shown to be specific for their target antigens and to be effective in detecting these antigens (Conti et al., 1987; Chen et al., 1996 Chen et al., , 1998 . Because GluR1-4 subunits that are highly similar in amino acid sequence to those in mammals have been demonstrated in chicks and pigeons (Ottiger et al., 1995; Paperna et al., 1996; Ravindranathan et al., 1996) , it seems highly likely that the anti-GluR used here detected their target antigens in birds.
For the PL P-fixed pigeon tissue, the peroxidase -anti-peroxidase (PAP) method was used to visualize the immunolabeling, whereas for the paraformaldehyde-fixed pigeon and chick tissue, the ABC method was used. For PAP immunolabeling, after incubation in primary antiserum, sections were rinsed in PB and incubated for 1 hr in donkey anti-rabbit antiserum (Jackson ImmunoResearch) diluted 1:50, and then in a rabbit peroxidase -anti-peroxidase complex (Sternberger Monoclonals, Baltimore, MD) for 1 hr, diluted 1:100. The secondary and tertiary antisera were diluted in PB containing 0.3% Triton X-100 and 0.01% sodium azide, and the incubations were at room temperature. Sections were then rinsed two times in PB and two times in Tris buffer (0.05 M), pH7.4, and immersed in a Tris-buffered solution containing 0.05% DAB for 10 min. Hydrogen peroxide was added to the solution to reach a final concentration of 0.01%, and the sections were stained for 10 min, rinsed, mounted, dried, and coverslipped. For the ABC immunolabeling, the ABC Elite kit was used (Vector Laboratories). After incubation in primary antiserum, sections were incubated for 1.5 hr in biotinylated anti-rabbit IgG, washed in PB, and incubated for 1 hr in the ABC solution. To visualize the labeling, the tissue was preincubated in 0.05% DAB for 15 min, followed by additional incubation after addition of 2-5 ml of 0.03% hydrogen peroxide. These sections were then mounted, lightly osmicated, dried, dehydrated, and coverslipped.
Behavioral studies in pigeons. To analyze the role of ALa in basal ganglia f unction, ALa, the thalamic region dorsal to it, or nucleus rotundus was targeted for destruction in nine pigeons. The right ALa was targeted in three birds, ALa of both sides was targeted in one bird, the region dorsal to the right ALa was targeted in two birds, and nucleus rotundus was targeted in three birds. These lesions were produced by stereotaxic injection of 2 ng of kainic acid (K A) (Sigma) in 0.5 l of physiological saline, with an inf usion speed of 0.02 l /5 min (Piallat et al., 1996) . These animals were tested for spontaneous rotation and apomorphine-induced (6 mg / kg, i.p.) rotation before and after K A injection .
After completion of the behavioral testing and 3 weeks after the K A lesion, animals were deeply anesthetized by intraperitoneal injection of 35% chloral hydrate. They were perf used through the left ventricle with 6% dextran in 0.1 M PB, pH 7.4, followed by PL P fixative. After 4 -6 hr in fixative at 4°C, brains were stored overnight in 30% sucrose in phosphate buffer at pH 7.4 and subsequently sectioned frozen at 30 -40 m on a sliding microtome. To evaluate the accuracy and the size of the K A lesions, separate series of sections were mounted and stained with cresyl violet or stained immunohistochemically for the glial marker GFAP (DiaSorin), the pan-neuronal marker called the neuron-specific nuclear protein (NeuN) (Chemicon), or glutamate. Antisera dilutions were 1:2000 for the rabbit polyclonal anti-GFAP, 1:500 for the mouse monoclonal anti-NeuN, and 1:500 for the rabbit anti-glutamate. The PAP method using DAB was used to visualize the immunolabeling in these studies and was performed as described above.
RESULTS

Embryological data
During development, the neural tube of vertebrates becomes parcellated into transverse, segmental divisions (called neuromeres), as well as into longitudinal divisions (such as the alar and basal plates) (Vaage, 1969; Keyser, 1972; Puelles et al., 1987) . The existence of such divisions in the developing brain has received strong support from the expression patterns of numerous homeobox genes that sharply respect the transverse and longitudinal boundaries identified by morphological criteria and appear to contribute to their formation (Bulfone et al., 1993; Puelles and Rubenstein, 1993; Rubenstein et al., 1994 Rubenstein et al., , 1998 Shimamura et al., 1995 Shimamura et al., , 1997 . The transverse and longitudinal domains appear to be a conserved feature of vertebrate brain organization during development, which implies that putative homologous nervous structures in two different vertebrate groups should develop from corresponding domains (in both the transverse and longitudinal axes) of the brain. In mammals, STN neurons first develop within the mammillary area, which is located within the basal plate of the fourth prosencephalic neuromere (i.e., prosomere 4) (Keyser, 1972; Altman and Bayer, 1978a,b) . The STN neurons appear to subsequently migrate dorsally to their adult position close to the alar/ basal boundary near the cerebral peduncle, which itself descends through prosomere 5 (Fig. 2) . A standard frontal section of the adult mammalian brain at the level of STN passes obliquely The table compares the basal ganglia terminology used for pigeons in the present paper to the terms used for corresponding structures in rats. Abbreviations for these various structures are shown in parentheses. Avian basal ganglia terminology for pigeons as used in the Karten and Hodos (1967) pigeon brain stereotaxic atlas and many subsequent publications is shown, as well. Note that the medial and lateral striatum in birds do not appear to be one-for-one equivalents to caudate and putamen, respectively, in mammals. Thus, their correspondents in rat are shown merely as the striatum or caudoputamen. The basis for these correspondences and/or homologies has been reviewed by Reiner et al. (1998a,b) . The evidence for the homology of ALa and STN is reviewed in the current paper.
through several transverse boundaries, as well as through the alar/ basal longitudinal boundary (Fig. 2) , which explains why the STN in such sections seems to be located below the ventral thalamus (which is itself, in fact, located in the alar plate of prosomere 3). In pigeons and chickens, ALa lies medial to the fibers of the ansa lenticularis, which contains the output fibers of the dorsal pallidum (Fig. 1) . In conventional transverse sections in the Karten and Hodos (1967) plane, ALa appears to be situated in the rostral diencephalon (Fig. 1) . Examination of serial sections through the developing chicken forebrain indicates that the neurons of the avian ALa develop within the basal portion of the fourth prosomere. The position of ALa is also clearly observed in sagittal sections of the chick brain at successive stages, as shown in Figure  3 , at stages HH25, HH31, and HH40. The position of ALa with respect to the segmental and longitudinal boundaries of the forebrain during development is schematized in Figure 4 . Thus, ALa originates in the hypothalamic basal plate of prosomere 4 ( p4 ), close to the prospective mammillary body, and gradually migrates dorsally to a position near the alar plate in the same segment. The developmental history and final position of ALa therefore resemble that of the mammalian STN. The identical segmental location of STN and ALa is depicted in schematic drawings comparing adult rat and chicken brains in sagittal view in Figure 2 .
Connectivity: pallidal input to ALa
In birds, the dorsal pallidum appears to contain an intermingling of neurons comparable with those found in GPe and GPi in mammals (Reiner et al., 1998a) . Injections of BDA10k centered in the dorsal pallidum of pigeons, which would therefore involve injection into both GPe-and GPi-type neurons, produced abundant anterograde labeling of axonal arborizations and terminals in ALa (Fig. 5 A, B) . This finding is consistent with previous reports by our group and by others (Karten and Dubbeldam; 1973; Brauth et al., 1978; . Anterograde labeling was also observed in the various other pallidal target areas that have been described previously (Karten and Dubbeldam, 1973; . The morphological traits of the dorsal pallidal neurons projecting to ALa were revealed by injections of BDA10k centered in ALa (see Fig. 9A ), which yielded numerous retrogradely labeled neurons in the dorsal pallidum (Fig. 6 A) . The BDA-labeled pallidal neurons projecting to ALa possessed large perikarya and smooth dendrites that extended in the medial to lateral axis of the dorsal pallidum. As these dendrites tapered away from their perikarya of origin, they became increasingly varicose ( B). Figure 2 . Schematics of sagittal sections through the brains of an adult rat and chicken illustrating the comparable location of the subthalamic nucleus (STN ) of mammals and the anterior nucleus of the ansa lenticularis (ALa) of birds. In these schematics, rostral is to the left, and dorsal is to the top. The location of various forebrain and midbrain cell groups is shown with respect to the segmental boundaries identified in previous studies (see Results) . The line of separation between the alar and basal plate is also shown. In this framework, the forebrain is divided into six prosomeres ( p1-p6 ) and the midbrain into one mesomere ( m), with the first prosomere ( p1) abutting the rostral part of the mesomere. ac, Anterior commissure; Cb, cerebellum; CC, corpus callosum; DORSAL THAL, dorsal thalamus; FR, fasciculus retroflexus; Hb, habenula; IC, inferior colliculus; IIIm, oculomotor nucleus; IP, interpeduncular nucleus; IVm, trochlear nucleus; mam, mammillary region; oc, optic chiasm; OB, olfactory bulb; pc, posterior commissure; pt, pretectum; rm, retromammillary region; SC, superior colliculus; Sep, septum; TeO, optic tectum; Tu, tuberal hypothalamic region; VEN THAL, ventral thalamus. Figure 3 . Images of sagittal sections at the level of the mammillary region of embryonic chick brains at developmental stages HH25, HH31, and HH40. The sections were cresyl violet-stained. In these sections, rostral is to the left, and dorsal is to the top. Note that, at HH25, the anterior nucleus of the ansa lenticularis (ALa) is located in the basal plate adjacent to the mammillary region within prosomere 4 ( p4 ), and at later stages the ALa appears progressively to come to be located more dorsally within prosomere 4. AL, Ansa lenticularis; ALa, anterior nucleus of the ansa lenticularis; DLP, nucleus dorsolateralis posterior thalami; DMA, nucleus dorsomedialis anterior thalami; DMP, nucleus dorsomedialis posterior thalami; dt, dorsal thalamus; ep, epithalamus; GLv, ventral lateral geniculate nucleus; Hb, habenula; Ov, nucleus ovoidalis; pc, posterior commissure; pt, pretectum; p1-p4, prosomeres 1 to 4; RSv, nucleus reticularis superior thalami, pars ventralis; SRt, nucleus subrotundus; TEL, telencephalon; TeO, optic tectum; vt, ventral thalamus; VLT, nucleus ventrolateralis thalami.
We performed double-label immunofluorescence combining BDA visualization with ENK or SP immunolabeling to determine whether the ALa-projecting pallidal neurons receive input from ENK ϩ striatal neurons (i.e., are GPe-like) or SP ϩ striatal neurons (i.e., are GPi-like). To provide precise visualization of the terminals and dendrites, we analyzed the results using CLSM. Our results with the double-label immunofluorescence for BDA and ENK showed that all dorsal pallidal neurons projecting to ALa that were examined received ENK ϩ terminals on their cell bodies and dendrites (Fig. 7A-D) . In contrast, our results with the double-label immunofluorescence for BDA and SP indicated that none of the BDA-labeled dorsal pallidal neurons projecting to ALa that were examined received SP ϩ terminals on their cell bodies or dendrites (Fig. 7 E, F ) . Thus, the pallidal input to ALa arises specifically from neurons that receive input from ENK ϩ striatal neurons. This is also the case for the STN of mammals, because its pallidal input arises from the GPe, whose neurons primarily receive their striatal input from ENK ϩ neurons (Reiner et al., 1998a .
Connectivity: ALa projections
We also confirmed by retrograde and anterograde labeling using BDA that ALa in pigeons projects back to the dorsal pallidum. After BDA3k injections into the dorsal pallidum, numerous retrogradely labeled neurons were found within ALa (Figs. 5D, 8 ). The location of the labeled neurons in ALa appeared to vary according to the part of the dorsal pallidum injected with tracer, which suggests that the ALa-pallidal projection is topographically organized. We did not, however, attempt to systematically characterize this topography. Confirming that ALa projects to the dorsal pallidum, BDA10k injection into ALa also yielded extensive anterograde labeling in the dorsal pallidum (Fig. 9B-D) . The anterogradely labeled BDA-containing terminals of ALa origin in the dorsal pallidum were clearly observed to contact the Nissl-stained perikarya of pallidal neurons in cresyl violet-counterstained material, but they were not observed to contact the perikarya or dendrites of BDA-labeled pallido-ALa projection neurons (Fig. 9B ). In addition, ALa was found to project to two other cell groups in avian brain that are involved in the output circuitry of the avian basal ganglia, namely the lateral spiriform nucleus (SpL) of the pretectum and the SNr of the midbrain tegmentum (Fig. 10) . Both the SpL and the SNr appear to be functionally analogous to GPi in that they contain GABAergic neurons, receive direct input from SP ϩ striatal neurons, and have output to premotor regions (Veenman and Reiner, 1994; Reiner et al., 1998a; Medina et al., 1999) .
Glutamate and glutamate receptor localization
Our immunohistochemical results in pigeons indicate that the neurons of ALa contain the excitatory neurotransmitter glutamate (Fig. 5C ). Note that the glutamatergic neurons of ALa lie medial to the ansa lenticularis itself. Glutamatergic neurons lie within the entire rostrocaudal extent of pigeon ALa, and the field of neurons has an ϳ1 mm rostrocaudal extent. The distribution of these neurons overlaps the distribution of retrogradely labeled neurons observed in ALa after BDA injections in the dorsal pallidum. Consistent with the glutamatergic nature of the ALa neurons and therefore of the ALa inputs to the dorsal pallidum, SpL, and SNr, many or all of the large neurons in these regions were found to be specifically rich in the GluR1, GluR2/3, and/or GluR4 AMPA-type glutamate receptor subunits in both pigeons and chicks (Fig. 11) . Within the dorsal pallidum of pigeon and chick, the vast majority of the medium-to large-sized projection neurons were intensely labeled for GluR4, and many were also moderately or intensely labeled for GluR2/3, but only scattered large pallidal neurons were labeled for GluR1. Within the SNr of pigeon and chick, all or nearly all neurons were rich in GluR4, and many were lightly to moderately labeled for Glu2/3. GluR1 labeling of SNr neurons was prominent in pigeon but light in chick. Finally, all or nearly all SpL neurons were rich in GluR4 in pigeon and chick and poor in GluR2/3 labeling. GluR1 labeling was moderate in many SpL neurons in pigeon but was primarily absent from SpL neurons in chick.
Behavioral studies of the effects of ALa lesions
We found that unilateral lesions that damaged Ͼ25% of ALa (as confirmed by the postmortem histological analysis) transiently produced hyperkinesia of the opposite wing, spontaneous rotation to the side opposite the lesion, vacuous chewing movements, and jaw tremors. One bird with complete destruction of the left ALa and 62% destruction of the right ALa showed transient hyperactivity of both wings after the lesions. These behaviors subsided by 4 -6 hr after the KA lesion. The effects of unilateral ALa destruction resemble those of unilateral STN damage in rats (Kafetzopoulos and Papadopoulos, 1983; Piallat et al., 1996) in which transient stereotyped extension-flexion movements of the contralateral limbs, orofacial dyskinesias, and spontaneous contraversive rotation were observed after unilateral STN lesions.
During the first week after the KA lesion, the birds were challenged by intraperitoneal injection of apomorphine. Apomorphine Figure 3 . Note that ALa originates in the basal plate and migrates to a position near the alar plate within prosencephalic segment 4 ( p4 ). ALa, Anterior nucleus of the ansa lenticularis; BG, basal ganglia; DLP, nucleus dorsolateralis posterior thalami; DMA, nucleus dorsomedialis anterior thalami; DMP, nucleus dorsomedialis posterior thalami; dt, dorsal thalamus; ep, epithalamus; GLv, ventral lateral geniculate nucleus; Hb, habenula; m, mesomere; N, neostriatal subdivision of the dorsal ventricular ridge; pc, posterior commissure; pt, pretectum; p1-p6, prosomeres 1 to 6; RSv, nucleus reticularis superior thalami, pars ventralis; SRt, nucleus subrotundus; Tel, telencephalon; TeO, optic tectum; vt, ventral thalamus; tu, tuberal hypothalamic region. is a nonselective dopamine receptor agonist that produces hyperactivity and stereotyped movements. In rats or pigeons with unilateral damage to part of the basal ganglia circuitry, apomorphine produces an asymmetric motor output that manifests itself as rotation. For example, in rats with unilateral destruction of nigral dopaminergic neurons, apomorphine produces rotation to the side opposite the nigral destruction (Hifti et al., 1980; Zeng et al., 1995) . This direction of rotation appears to stem, in large part, from the greater apomorphine-mediated activation of the direct SP ϩ striato-SNr pathway on the dopamine-depleted side because of denervation-produced supersensitivity to apomorphine (HerreraMarschitz and Ungerstedt, 1984; Albin et al., 1989b; Xu et al., 1994; Balk et al., 1995; Hutchison et al., 1997) . In contrast, apomorphinetreated rats with STN destruction rotate to the side of the lesion (Kafetzopoulos and Papadopoulos, 1983; Piallat et al., 1996) .
The two birds with large unilateral ALa lesions and one bird with complete ALa destruction on one side and partial on the other were found to rotate to the side of the extensive ALa destruction with a frequency of six to seven rotations per minute after apomorphine treatment. The birds with extensive ALa damage also had varying amounts of destruction of either the dorsomedial thalamus, which appears comparable with the intralaminar thalamus of mammals (Veenman et al., 1995 , and/or to nucleus rotundus, which is involved in visual information processing (Hodos and Revzin, 1966, 1970) . Because of the possibility that damage to these structures could cause or contribute to the rotational behavior, we performed control lesions confined to these structures in several birds. Birds with dorsomedial thalamic lesions that did not damage ALa (two birds) and birds with nucleus rotundus lesions that did not damage ALa (three birds) showed none of the transient dyskinesias characterizing the ALa-lesioned birds, and they only rotated to the lesioned side with a frequency of zero to two rotations per min after apomorphine treatment, which is indistinguishable from the prelesion frequency. The latter results and these differences in apomorphine-induced rotational behavior among the three groups persisted even when the pigeons were blindfolded, which appeared to rule out the possibility that the effects were driven by an asymmetry in visual stimulation. Counts of intact neurons in ALa (from the NeuNimmunolabeled material) allowed us to assess the extent of ALa, dorsomedial thalamus, and nucleus rotundus destruction in each case. We found that the extent of ALa destruction was highly and significantly correlated with the frequency of rotation occurring after the apomorphine injection (r ϭ 0.95). In contrast, neither the extent of dorsal thalamic damage nor the extent of nucleus rotundus damage correlated significantly with the apomorphine-induced rotation frequency. 
DISCUSSION
The present study provides evidence that the so-called ALa of birds is the homolog of mammalian STN. Our results also indicate that ALa is part of an indirect motor output circuit of the avian basal ganglia, which as in mammals appears to be involved in suppressing unwanted movements. The evidence supporting these conclusions is discussed in the following paragraphs.
ALa and STN develop from an identical brain domain
Embryological and molecular evidence indicates that the brain in all vertebrate groups consists of an identical number of segmental and longitudinal units, which subdivide the brain into comparable domains (Vaage, 1969; Keyser, 1972; Puelles et al., 1987 Puelles et al., , 1996 Puelles et al., , 1999 Puelles et al., , 2000 Lumsden and Keynes, 1989; Bulfone et al., 1993; Puelles and Rubenstein, 1993; Marin and Puelles, 1994; Rubenstein et al., 1994; Puelles, 1995; Shimamura et al., 1995 Shimamura et al., , 1997 Pombal and Puelles, 1999; Redies et al., 2000) . The present study shows that avian ALa and mammalian STN have the same segmental (i.e., prosomere 4) and longitudinal (i.e., basal plate) identity (Fig. 2) . This similarity is reinforced by the similarities in neurochemistry, connections, and function also found in the present study. This strongly supports the notion that ALa and STN are homologous.
Circuitry of ALa and STN
Our previous studies showed that birds possess homologs of the SP ϩ striato-GPi and SP ϩ striato-SNr basal ganglia output channels found in mammals (Fig. 12) Reiner et al., 1998a; Medina and Reiner, 2000) . The avian homolog of the former is a circuit that appears to arise from SP ϩ striatal neurons that, in turn, project to dorsal pallidal neurons that project to a ventral tier thalamic region called the ventrointermediate area (VIA) Reiner, 1996, 1997; Medina et al., , 1999 . The VIA appears to be the avian homolog of mammalian VA/VL based on its position, pallidal input, SNr input, cerebellar input, and output to a telencephalic motor "cortical" area that appears homologous to mammalian motor cortex Medina and Reiner, 2000) . The avian homolog of the mammalian SP ϩ striato-SNr-tectal circuit also arises from SP ϩ striatal neurons, which project to the avian homolog of mammalian SNr, which in turn projects to tectal layers that project to premotor and motor brainstem areas (Reiner and Karten, 1982; Veenman and Reiner, 1994; Reiner et al., 1998a) .
The present findings indicate that birds also possess a basal ganglia output circuit resembling the indirect pathway in mammals, with ALa serving as the STN-like cell group linking the direct and indirect pathways (Fig. 12) . We found that ALa receives input from dorsal pallidal neurons that themselves receive input from ENK ϩ striatal neurons. Both the pallidal neurons projecting to ALa and Figure 6 . Images from transverse sections showing retrogradely labeled neuronal perikarya, dendrites, and axon terminals in the dorsal pallidum after an injection of BDA10k into ALa. Note that pallido-ALa projection neurons have large perikarya and long smooth dendrites ( A) that were observed to become varicose (arrowheads) as they tapered to their tips ( B). Figure 7 . Pallidal neurons projecting to ALa were retrogradely labeled with BDA and visualized using a TRITC-conjugated anti-biotin. In some sections containing TRITC-labeled pallido-ALa neurons, ENKϩ terminals were labeled with DTAF (A and B, C and D), whereas in other sections containing TRITC-labeled pallido-ALa neurons, SP ϩ terminals were labeled with DTAF (E and F ). The images of labeling for ENK or SP with respect to the TRITC-labeled pallido-ALa perikarya shown here were captured using confocal laser scanning microscopy. The two pairs of images showing BDA-ENK double labeling (A and B, C and D) show two separate BDA-labeled pallido-ALa neurons. Note that both of these are surrounded and contacted by ENK ϩ terminals. In contrast, the BDA-labeled pallidoALa neuron in the SP-labeled tissue was not observed to receive SP ϩ terminals (E, F ). Note that none of the SP ϩ striatal terminals in the field contact the BDA-labeled pallidal neuron. The location of the BDA ϩ perikarya in A, C, and E is shown by asterisks in B, D, and F. The magnification is the same in all images.
the ENK ϩ neurons projecting to the pallido-ALa neurons appear to be GABAergic, as do the vast majority if not all pallidal and striatal projection neurons in birds (Reiner and Anderson, 1993; Veenman and Reiner, 1994) . This is also the case for the homologous neurons in mammals, because the pallidal input to STN arises from GABAergic neurons of GPe, which receive their striatal input predominantly from ENK ϩ GABAergic neurons (Albin et al., 1989b; Reiner and Anderson, 1990 ). The present study also indicates that ALa neurons are glutamatergic and project back to neurons of the avian dorsal pallidum, which are themselves enriched in AMPA receptor subunits, notably GluR4. In these respects, the ALa-pallidal projection resembles the projection from STN to GPi in mammals (Smith and Parent, 1988; Albin et al., 1989a,b; Petralia and Wenthold, 1992; Bernard et al., 1996; Paquet and Smith, 1996) . The avian dorsal pallidum, however, is not organized into segments, and pallidal neurons receiving either SP ϩ (i.e., GPi-type) or ENK ϩ (i.e., GPe-type) striatal input are intermixed in a single dorsal pallidal field (Medina and Reiner, 1995; Medina et al., , 1999 Reiner et al., 1998a ). Although we have not yet directly confirmed that ALa preferentially targets SPrecipient dorsal pallidal neurons that project to VIA, it seems likely this is the case because the fine fibers of the ALa projection to dorsal pallidum were not observed to end on the perikarya or dendrites of ENK-recipient pallido-ALa projection neurons but were observed to end on the perikarya of pallidal neurons that did not project to ALa.
As is true of STN, ALa additionally projects to SNr, whose neurons are also GABAergic (Veenman and Reiner, 1994) , receive SP ϩ striatal input and possess AMPA receptor subunits, notably GluR4. In these respects, the SNr neurons in birds resemble SNr and GPi neurons in mammals Reiner, 1990, 1991; Medina et al., 1999; Petralia and Wenthold, 1992; Bernard et al., 1996; Paquet and Smith, 1996) . Because both GPi and SNr of mammals project to VA/VL, both the SP ϩ striato-GPi and the SP ϩ striato-SNr pathways are considered parts of the direct motor output system of the basal ganglia (Albin et al., 1989b; Alexander and Crutcher, 1990; DeLong, 1990) . Because of its projection to GPi and SNr, STN is the part of the indirect motor output channel of the mammalian basal ganglia by which ENK ϩ striatal neurons influence GPi and SNr (Albin et al., 1989b; Alexander and Crutcher, 1990; DeLong, 1990) . The ALa of birds appears to establish a similar link between the indirect and direct motor output channels of the avian basal ganglia.
As reported previously based on anterograde autoradiographic and retrograde horseradish peroxidase pathway tracing methods (Reiner et al., 1982a) , the avian ALa also projects to a cell group within the pretectum, the SpL. Although a mammalian homolog of SpL has not been definitively identified (Reiner et al., 1984 (Reiner et al., , 1998a Caballero-Bleda et al., 1992; Lagares et al., 1994) , several lines of evidence indicate that SpL in birds is the target of an additional direct striatal output and is thereby analogous to mammalian GPi (Reiner et al., 1984 (Reiner et al., , 1998a Medina et al., 1999) . As is true of the GPi-like cell groups in mammals (i.e., GPi itself and SNr), SpL neurons are GABAergic, receive input from SP ϩ striatal neurons as well as from dorsal pallidal neurons that receive ENK ϩ striatal input (i.e., GPe-like pallidal neurons), and are notably enriched in GluR4 (Karten and Dubbeldam, 1973; Reiner et al., 1982a Reiner et al., , 1984 Veenman and Reiner, 1994; Reiner, 1996, 1997 ; Pa- Karten and Hodos (1967) . AL, Ansa lenticularis; CO, optic chiasm; DLA, nucleus dorsolateralis anterior thalami; DLM, nucleus dorsolateralis anterior thalami pars medialis; DLP, nucleus dorsolateralis posterior thalami; DMA, nucleus dorsomedialis anterior thalami; DMP, nucleus dorsomedialis posterior thalami; GLd, dorsal lateral geniculate nucleus; GLv, nucleus geniculatus lateralis pars ventralis; Ov, nucleus ovoidalis; QF, quintofrontal tract; Rt, nucleus rotundus; SOp, stratum opticum of tectum; T, nucleus triangularis; TeO, optic tectum; TrO, optic tract. and high ( B) magnification. A shows that the injection of BDA was centered on ALa, with the syringe track evident just above ALa. B illustrates that anterogradely labeled fibers and terminals, and some retrogradely labeled perikarya and dendrites, are present in the dorsal pallidum (arrowheads), with fine ALa terminals in the dorsal pallidum contacting cresyl violet-labeled perikarya but not the BDA-labeled neurons. One neuron faintly labeled for cresyl violet that appears to be contacted by BDA ϩ terminals is indicated by the arrow. The intense labeling in the intrapeduncular nucleus (INP) in D reflects perikaryal and dendritic labeling of medium-sized spiny neurons. The intrapeduncular nucleus is striatal in nature (Reiner et al., 1998b) , has no single clear mammalian equivalent, and it is uncertain whether intrapeduncular nucleus neurons project to or through the ALa region. The magnification is the same in A, C, and D. ALa, Anterior nucleus of ansa lenticularis; CO, optic chiasm; DMA, nucleus dorsomedialis anterior thalami; DP, dorsal pallidum; GLd, dorsal lateral geniculate nucleus; INP, intrapeduncular nucleus; LSt, lateral striatum; MSt, medial striatum; NST, nucleus of the stria terminalis; Rt, nucleus rotundus; S, septum; TeO, optic tectum; TrO, optic tract. quet Medina et al., 1999) . The SpL itself projects to the tectal layers containing the perikarya and dendrites of neurons with projections to brainstem motor and premotor areas (Reiner et al., 1982a (Reiner et al., ,b, 1984 (Reiner et al., , 1998a Reiner, 1995, 1996; Medina et al., 1999) . Thus, in both birds and mammals, the motor output circuitry of the striatum consists of the following: (1) output circuits arising from SP ϩ striatal neurons having input to GPi-like pallidal neurons that exert a direct influence on thalamocortical or tectobulbar motor circuits; and (2) output circuits arising from ENK ϩ striatal neurons having input to GPe-like pallidal neurons that exert an indirect effect on thalamocortical or tectobulbar motor circuits via an STN/ALa input to GPi-like neurons of the direct pathways (Fig. 12) . Note that living reptiles possess a homolog of the avian basal ganglia-SpL-tectal circuit, which suggests that this circuit was part of basal ganglia circuitry in ancestral amniotes and was lost or de-emphasized in the mammalian lineage, perhaps as a concomitant of the relatively diminished role of the midbrain roof and pretectum in visual functions in the mammalian lineage (Reiner et al., 1984 (Reiner et al., , 1998a .
STN and ALa are involved in suppression of unwanted movements
Whereas large unilateral STN lesions in primates produce sustained contralateral hemiballism (Carpenter et al., 1950; Albin et al., 1989b) , STN lesions in rats produce only transient contralateral hyperkinesia and rotation (Kafetzopoulos and Papadopoulos, 1983; Piallat et al., 1996) . As in rats, we found that large unilateral lesions of ALa transiently produce contraversive hyperkinesia and spontaneous rotation in pigeons. Additionally, our results indicate that apomorphine treatment of birds with unilateral ALa lesions causes the birds to rotate to the side of the lesion. Rats with STN lesions also exhibit rotation to the side of the lesion after apomorphine treatment (Kafetzopoulos and Papadopoulos, 1983; Piallat et al., 1996) . The contralateral hemiballism in mammals appears to occur because the cortical motor areas receiving input from the ipsilateral basal ganglia control contralateral limbs. The spontaneous movement toward the limb affected by the STN lesion may occur because the ballism on that side impairs motor output on that side, leaving it less able to counterbalance the normal movement output of the opposite limb controlled by the intact basal ganglia. The basis of the ipsiversive apomorphine-induced rotation after an STN lesion is less clear, particularly because apomorphine induces rotation away from the lesioned side in a rat with unilateral destruction of nigral dopaminergic neurons (Hifti et al., 1980; Zeng et al., 1995) . In any case, the similar behavioral effects of STN lesions in rats and ALa lesions in pigeons suggest a similar functional role of STN and ALa in suppression of unwanted Figure 11 . Images showing GluR1-labeled perikarya in the dorsal pallidum ( A) of chick, GluR2/3-labeled perikarya in the dorsal pallidum of chick ( B), GluR4-labeled perikarya in the dorsal pallidum ( C) of chick, GluR4-labeled perikarya in dorsal pallidum of pigeon ( D), GluR4-labeled perikarya in the pars reticulata of the substantia nigra (SN ) of chick ( E), and GluR4-labeled perikarya in the lateral spiriform nucleus (SpL) of pigeon ( F). The magnification in A-D is the same, and the magnification in E is the same as in F. DP, Dorsal pallidum; INP, intrapeduncular nucleus; LSt, lateral striatum. movements and a similar interplay between the direct and indirect pathways in mammals and birds in effecting basal ganglia-mediated influences on movement (Reiner et al., 1998a; Medina et al., 1999) (Fig. 12 ).
Evolutionary implications: reptiles
The dorsal pallidum in reptiles projects to a nucleus in the subthalamus called the anterior entopeduncular nucleus (ENa) Brauth, 1988) . The ENa neurons are glutamatergic (Fowler et al., 1999 ) and project to dorsal pallidum and SNr (Brauth et al., 1978; Brauth and Kitt, 1980) , thus resembling the mammalian STN and avian ALa (Albin et al., 1989a,b; DeLong, 1990; Kitai and Kita, 1987; Smith and Parent, 1988; Smith et al., 1994; Shink et al., 1996) . Additionally, dorsal pallidal neurons in reptiles possess AMPA-type glutamate receptors, as in birds and mammals, consistent with a glutamatergic input from ENa to dorsal pallidum (Bernard et al., 1996; Götz et al., 1997; Fowler et al., 1999) . Finally, the topographic location of ENa at the border of the hypothalamus and its apparent segmental location in prosomere 4 closely resembles that of avian ALa and mammalian STN (Puelles and Medina, 1994) . This evidence of a region comparable with ALa and STN in the forebrain of modern reptiles reinforces our proposed homology of ALa and STN and suggests that both evolved from a comparable region in prosomere 4 in stem amniotes. This proposed homology also implies that the basal ganglia was organized into direct and indirect motor output pathways in the stem amniotes that were the common ancestors of living reptiles, birds, and mammals (Reiner et al., 1998a) . Although detailed delineation of the putative direct and indirect pathways of the basal ganglia has not been performed for living reptiles, the existing anatomical, neurochemical, pharmacological, and behavioral data for reptiles are consistent with the premise they are present (Reiner et al., 1980; Reiner and Carraway, 1987; Anderson and Reiner, 1990; Reiner and Anderson, 1990 ).
Evolutionary implications: anamniotes
In amphibians, the basal ganglia has a projection to a subthalamic region that projects back to the basal ganglia (Wilczynski and Northcutt, 1983b; Marin et al., 1997a,b) . It is unknown whether the neurons of this subthalamic region are glutamatergic, project to a pallidum and SNr, and are located in the basal plate of prosomere 4 (Puelles et al., 1996) . The available data suggest that the basal telencephalon in bony and cartilaginous fish may also project to the subthalamus, but the precise source of the projection and the precise projection target of this subthalamic region are uncertain (Airhart et al., 1988; Smeets, 1990) . Although a subthalamic nucleus has, thus, not been identified in anamniotes, both SP ϩ and ENK ϩ striatal neurons are present in the basal ganglia of all jawed anamniote species studied (Reiner and Northcutt, 1987, 1992; Northcutt et al., 1988; Reiner et al., 1998a) . On this basis, it might be expected that the basal ganglia possess direct and indirect motor output circuits in all jawed anamniotes.
